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The charge exchange method for the fast particles injection is widely used in magnetic plasma confinement systems and in accelerators. In designing the high-energy atom injectors with an energy higher than 100 keV per nucleon it seems to be more efficient to use the neutralization of accelerated Hions which easily lose an additional electron in charge exchange target collisions and have a high, close to unity, coefficient of conversion to atoms in a broad range of particle energies. Negative ion sources for the charge exchange injection have been under active study in recent decade.
The work on H-ion sources at the INP have been under way for about 20-years due to the development of the charge exchange injection of protons to accelerators [1] . Among the sources designed at the INP are the plasma Ehlers-type sources of H-ions with a pulsed current up to 8 mA as well as the 15 mA charge exchange sources and later on the 100 mA ones. However, the characteristics of these sources did not allow to employ the advantages of charge exchange injection and hindered its efficient application for accelerators.
The situation on the production of H-ion beams has drastically altered just after a new surfaceplasma mechanism of the negative ion production in gas discharges was discovered and experimentally studied [2, 3] . This mechanism served as a basis in designing a number of Surface-Plasma Sources (SPS) of negative ions for accelerators. In addition, it seemed to be quite effective to start designing high-power sources of negative ions for the injectors of magnetic high-temperature plasma traps. Mul [4] [5] [6] [7] and in many other publications.
In this paper we confine ourselves to the results obtained at the INP. Some of them have already been discussed in review papers [8] [9] [10] .
Pure hydrogen gas discharge systems of NI generation.
The INP studies on gas discharge sources of negative ions with the production of negative ions in the plasma volume and its further extraction from a GasDischarge Chamber (GDC) were started early in the 60-s. An Ehlers-type [12] source with a Penninggeometry of the GDC was designed and the pulsed 8 [7] .
At the same time, the emission current density of H-ions, achieved in these large H-ion generators was several times lower than that obtained at the PH modes of SPS in 1972 [2] . Additional study on Hion production in PH mode of multiaperture SPS with large emission surface was performed in 1987 [18] . The NI were extracted by a multi-slit extractor through the systems of slits or round holes in the anode cover (Fig. 3) . The H-emission was examined in the case of short (0.8 = 3 ms) and long (up to 0.6 s) pulses. The transverse magnetic field 1 3 kG separated the beams of extracted H-ions from heavy impurity ions 0-, OH-, Mo-and from the electrons. A high-current (10 + 750 A) glow discharge was maintained at average hydrogen density in the extended narrow gap of larger than 6 x 1015 cm-3. The discharge voltage was 500 = 700 V and decreased down to 300-400 V after conditioning the electrodes. Figure 4 shows the H-ion yield from such a multi-aperture semiplanotron in the PH mode vs. the discharge current. In the 50-200 A range of discharge currents this yield grew linearly. At Based on this version the optimization of geometry and the discharge mode resulted in increasing the emission current density of H-ions up to 3.7 A/cm2 and the total H-current up to hundreds of mA [2] .
At that time these values were extremely high for gas-discharge sources. The studies of the energy spectra of ions extracted from the source, the analysis of dependencies of the NI yield on the material of the cathode surface, its profile and on the distance to the emission slit, as well as the experiments with discharge in helium containing hydrogen have furnished the following concept of the surfaceplasma formation of negative ions in gas discharges [8, 15] .
This mechanism is realizable in gas discharges and plasma devices if the required sequence of processes occur properly (Fig. 3) .
A dense plasma layer is generated near the electrode surface. A voltage of several hundreds of V is applied to the gap between the plasma and the electrode, which accelerates the positive plasma ions and provides an intense bombardment of the electrode surface. A dynamically sustained structure of implanted and adsorbed atoms is created in the selvage layer of the electrode. Such an electrode « converts » effectively the incident flux to the inverse flux of fast reflected and sputtered from the selvage particles.
The high exit velocity of the inverse flux particles (1-102 eV) contributes to a significant increase in the escaping flux negative ionization, even for the atoms with electron affinity lower than the surface work function [21] . Fast particles « export » an electron at its own affinity level due to kinetic energy acquired upon bombardment. Introducing into a plasma (or directly through the electrode pores) negative ion emission catalysts -the vapours of alkaline metals [22] reduces the surface work function. As a result, the NI formation probability approaches unity at work function of 1.5 eV and electron affinity of 0.75 eV [21] Fig. 6 ) and the slow H-ions, produced by resonant charge-exchange in near-anode area or at the emission slit walls (I in Fig. 6 ).
In SPS with the planotron and Penning geometry, the maximum density of hydrogen molecules, necessary to sustain an independent discharge in an (Fig. 7) . In particular, approximately 30 % of hydrogen particles, escaped from the SPS discharge are negative ions [34] . Since the hydrogen and cesium were effectively « blocked » in the hollow cathodes of high-current Penning discharge, the gas efficiency of this SPS was extremely high (&#x3E; 50 %), so the source operated well in the vacuum chamber without the anode cover (Fig. 8) . (Fig. 9) . This IE circuit current was mainly an ion one (up to 90 %). Most of the IE secondary electrons were retumed to IE by magnetic field, parallel to IE surface, and therefore electrons were not measured in IE circuit current.
With an increased supply of Cs or hydrogen, an additional discharge was ignited in the IE region, the electron current increased, while the ion one de- creased. Correspondingly, the NI generation at the IE became less efficient. Under optimal conditions with the IE emitting surface moved up to plasma layer edge and IE voltage of about 100 V the ion current to emitter was roughly equal to one-sixth of main Penning discharge current [8] .
In the advanced SPS with independent emitter a significant fraction of the emitter current is transformed into H-flux. Nevertheless the fact that some negative ions produced on the IE surface failed to get to the emission slit, the multicusp SPS stationary extracted beam of H-ions has intensity up to 1.25 A and it consists of about 5 % of the IE circuit current [36] due to large amount of molecular ions in plasma.
SPS with geometric focusing of négative ions.
With a goal to collect a larger amount of negative ions from the SPS emitters, the sources with a cathode having a concave surface have been tested.
In this case, the NI, accelerated by a « concave » layer of the near-electrode voltage drop, were geometrically focused to the emission slit or holes (Fig. 10) . In 1978 the experiments were performed dealing with Geometric Focusing (GF) of NI flux, emitted by the cylindrically concave cathode surface to a narrow emission slit [16, 26] . The SPS with a two-dimensional GF of NI emitted by spherical concave surfaces of special indentations on the cathode was tested in 1982 [23] . A close, partially overlapped arrangement of the indentations on the cathode surface of this SPS was of the « honeycomb » structure. The beam of H-ions with intensity up to 4 A was produced in the honeycomb SPS with the « useful » cathode area of 10.6 cm2 and multihole extraction system. The local current density of « compressed » beams in the emission hole achieved 8 AIcm2, the average current density after extraction was 0.5 A/cm2. The use of GF increases energy and gas efficiency of NI production and enables one to reduce the sputtering and thermal load of electrodes. In particular, the honeycomb Source with spherical GF gives rather high conversion of the discharge current to the H-beam up to 5 % at an average thermal load at the cathode up to 1 kW/cm 2. Note, that the « sputtered » H--component is better focused due to smaller angular spread [37] .
As has already been mentioned in [9] , the surfaceplasma sources of H-ions with ion focusing to emission holes are rather well subject to a simple scaling following from the condition for H-ions transport through a plasma : with a similar increase in the sizes of a source and plasma volume, the average current density of the extracted H-ions drops inversely to source linear sizes (the gas efficiency doesn't change). The scaling law mentioned above enables one to decrease the heating and sputtering of the electrodes due to NI current density decrease. In the steady mode it is easy to remove a heat of up to 1 kW/cm2 from electrodes.
From this point of view, the H-ion beams with a density of about 100 mA/cM2 may be produced. The detailed analysis of GF is made in [37] .
Multi-aperture SPS with extended emitting surface.
In the early design works on SPS it has been revealed that the NI yield is proportional to the emission hole areas. The tests have been performed of the sources with a useful cathode emitting area of 6 x 40 mm, and the emission slits of up to 3 x 20 mm.
It is beyond doubt that the surface plasma mechanism of NI production is also capable to operate in gas-discharge systems with the enlarged electrode emitting area. In 1979 a multi-aperture SPS was designed with a semiplanotron cathode geometry and cathode emitting area up to 9 cm2 [26] . NI were geometrically focused and extracted through 5 emission slits of 2 cm2 total area. The average Hcurrent density was up to 0.5 AIcm2, while H-yield achieved 4 A.
In 1983 a multi-aperture SPS with a honeycomb geometry of electrodes and with a 54 cm2 « useful » area of the cathode was designed (Fig.11) . Owing to the geometrical focusing of NI from 600 sphericallyconcaved indentations of the cathode such a honeycomb SPS provided the production of a Hbeam with intensity up to 11 A in the pulse mode and at the average emission current density in the beam up to 0.18 A/cm2. The effect of surface active zones has been clearly observed during studying such SPS with extended cathode area. The « self-activation » of cathode area by gas-discharge is shown in figure 12 . In spite of homogeneous cesium and hydrogen supply, the HCs mode of discharge is « attached » to the ignition area at first. The corresponding H-emission current distribution is non-uniform either (curve 1 in Fig. 12 ). The 15-minute pulse discharge conditioning of the cathode made the 0-1.5 cm zone more activated, and some part of the discharge current redistributed from ignition area to this zone (curve 15). The 0-1,5 cm zone completely activated in 25 min, while the discharge current density and H-yield were however low on cathode section 2-5 cm (curve 25). After increasing the discharge current up to 500 A the emission cathode area expanded. The most active zone moved from ignition area towards the plasma E x B drift. Figure 13 shows the plasma density and H-emission current density distributions resulted from the « self-activation » with homogeneous fuelling of Cs and H2. There are several ways to compensate for the active area drift. One of them is the non-uniform Cs and hydrogen fuelling into the interelectrode gap. Figure 14 shows the plasma density distribution for various regimes of adding the « fuel »-substance. The initial plasma distribution produced after homogeneous fuelling activation is shown by curve I in figure 14 . When fuel feeds only the initial cathode area (the place of maximum supply is indicated by an arrow), the discharge is mainly maintained in the 6-12 cm zone (II in Fig. 14) . The répétitive switching on the uniform supply clearly demonstrated the increased and shifted active zone (III in Fig. 14) . With an increase in the discharge current up to 500 A this active zone 9-17 cm becomes more uniform (IV in Fig. 14) . A steady-stade uniform discharge and Hemission distributions throughout the whole cathode area have been achieved in large honeycomb SPS with non-homogeneous fuel supply [24] .
Another method of plasma drift compensation has been tested by introducing the auxiliary cathode in the beginning region of the discharge (4 in Fig.11 ) in 1984 [38] . The pulsed auxiliary discharge with a current of up to 40 A improved the activation of beginning of cathode area. Self-activated cathode provided the low H-emission output in the initial area (trace 1 in Fig. 15 ). The upper trace (2 in Fig. 15 ) was recorded du ring simultaneous operation of the main and auxiliary discharges. The H-output increased, especially on the front of the discharge pulse, but to the pulse end the H-emission was lower due to redistribution of discharge current to activated zones. After a 10 min pulse conditioning the auxiliary discharge was switched off, but the H- Fig. 15. - The effect of the auxiliary discharge conditioning on H-production in the weakly self-activated zone (at point L = 2 cm).
yield increased to a new higher level of production in the discharge mode (3 in Fig. 15 ).
The partial return of a plasma to the ignition gap from the tail of the discharge via drift closing channels was also a successful way to achieve homogeneous cathode activation (see below).
Quasi-steadystate models of SPS.
The long pulsed tests of SPS were performed with honeycomb air-cooled models in 1985 [38] 
